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domains (reviewed by Cerione and Zheng, 1996; White-
head et al., 1997). Dbl homology (DH) domains were
identified initially as a z250-residue region of sequence
similarity between the transforming gene of diffuse B
cell lymphoma (Dbl) and the Cdc24 protein from S. cere-
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studies aimed at identifying new oncogenes have un-
covered over 20 proteins containing DH domains, mak-
ing the Dbl family one of the largest groups of oncopro-Summary
teins currently known (Figure 1) (reviewed by Cerione
and Zheng, 1996; Whitehead et al., 1997). DominantProteins containing Dbl homology (DH) domains acti-
negative alleles of Rho GTPases inhibit transformationvate Rho-family GTPases by functioning as specific
by Dbl-family proteins, which further supports the hy-guanine nucleotide exchange factors. All known DH
pothesis that these proteins exert their effects by acti-domains have associated C-terminal pleckstrin ho-
vating the Rho signaling pathways (Zheng et al., 1995;mology (PH) domains that are implicated in targeting
Whitehead et al., 1996). Most DH domain±containingand regulatory functions. The crystal structure of a
proteins are probably specialized components of partic-fragment of the human Son of sevenless protein con-
ular signal transduction pathways, since they have beentaining the DH and PH domains has been determined
demonstrated to possess guanine nucleotide exchangeat 2.3 AÊ resolution. The entirely a-helical DH domain is
factor activity for distinct subsets of the Rho-familyunrelated in architecture to other nucleotide exchange
GTPases (Whitehead et al., 1997). Several DH domain±factors. The active site of the DH domain, identified
containing proteins have been directly linked to diseaseon the basis of sequence conservation and structural
manifestation. For example, the Tiam-1 protein wasfeatures, lies near the interface between the DH and
demonstrated to promote tumor invasion and metasta-PH domains. The structure suggests that ligation of
sis in mice, suggesting a direct link between Rho-family
the PH domain will be coupled structurally to the
induced cytoskeletal rearrangements and the progres-
GTPase binding site.
sion of cancer (Habets et al., 1994).
Interestingly, all DH domains identified thus far are
Introduction followed immediately at their C terminus by a pleckstrin
homology (PH) domain (Whitehead et al., 1997). PH do-
Members of the Ras superfamily of small GTPases act mains are z100-residue modules that are found in a
as molecular switches by cycling between an active, large number of proteins involved in intracellular signal-
GTP-bound state and an inactive, GDP-bound state. The ing and cytoskeletal reorganizations (reviewed by Lem-
z60 members of the Ras GTPase superfamily, which play mon and Ferguson, 1998). It is now generally accepted
a central role in the regulation of both normal and trans- that PH domains serve to target their host proteins to the
formed cell growth, can be divided into six subgroups plasma membrane primarily through interactions with
on the basis of primary sequence similarities (reviewed specific phospholipids (Lemmon and Ferguson, 1998);
by Bourne et al., 1991; Boguski and McCormick, 1993). however, some PH domains may also interact with other
One subgroup, the Rho family GTPases, is important proteins such as protein kinase C and the bg subunits
for the regulation of actin-based cytoskeletal reorgani- of heterotrimeric G proteins (Yao et al., 1994; Konishi et
zations. Signaling through Rho GTPases is necessary al., 1995; Pitcher et al., 1995). The invariant juxtaposition
for the determination of cell polarity, cell adhesion and of DH and PH domains suggests that structural relation-
motility, morphogenesis, and contractile responses such ships between the two modules may be critical for func-
as those required for cytokinesis (reviewed by Hall, tionality.
1998). Rho GTPases are essential downstream compo- The ubiquitously expressed Son of sevenless (Sos)
nents of the Ras transformation pathway (Qiu et al., protein was first identified genetically as a component
1995), and they control transcriptional events that are of the sevenless signaling pathway that controls Dro-
required for cell growth, differentiation, and apoptosis sophila compound eye development (reviewed by Raabe,
(Coso et al., 1995; Hill et al., 1995; Minden et al., 1995; 1998). Sos contains two distinct guanine nucleotide ex-
Olson et al., 1995). change factor domains that are specific for the closely
Guanine nucleotide exchange factors activate GTPases related Ras and Rho family GTPases, respectively (Fig-
by stimulating the exchange of GDP for GTP, thereby ure 2). Sos serves as the primary link between receptor
initiating signaling. For the Rho family of GTPases, this tyrosine kinase signaling and the Ras signaling path-
is accomplished by proteins containing Dbl homology ways through its Ras exchange factor domain, which is
homologous to the catalytic domain of Cdc25 (Bar-Sagi,
1994). Sos also contains a Dbl homology domain that³ To whom correspondence should be addressed (e-mail: kuriyan@
rockvax.rockefeller.edu). has recently been shown to activate Rac1 by acting as
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Figure 1. Sequence Alignment of DH-PH Domains
Sequences were chosen and aligned as described in Experimental Procedures. Numbering is relative to Sos. Overall sequence identity
(0%±100%) at each position is shaded as a color gradient from white to yellow to red. For clarity, only positions with identities above 40%
are shaded in this figure. Regions where there is very little sequence similarity are shaded green to indicate that the alignment is unreliable
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Figure 2. Domain Structure of the Sos Protein
The construct used for structure determina-
tion is depicted in color. The DH domain is
colored blue, the PH domain is yellow, and
the linker segment discussed in the text is
colored red. The N domain, as described pre-
viously, is a structural component of the Ras
exchange factor region (Boriack-Sjodin et al.,
1998). PxxP motifs are SH3-domain binding
sites (Bar-Sagi, 1994).
a nucleotide exchange factor, thereby providing a link a contiguous patch of highly conserved surface residues
presented by two a helices in the DH domain. Mutationsbetween the Ras-family and Rho-family GTPase signal-
ing pathways (Nimnual et al., 1998). Phospholipid bind- affecting exchange factor activity (Hart et al., 1994; Al-
berts and Treisman, 1998; Steven et al., 1998) localizeing to the DH-associated PH domain has been impli-
cated in the stimulation of exchange factor activity of almost exclusively to this region, indicating that it is
involved in GTPase binding and exchange factor activ-both Sos and Vav, another Dbl-related protein (Han et
al., 1998; Ma et al., 1998; Nimnual et al., 1998). ity. The GTPase binding site is located in the elbow
of the DH-PH unit in such a manner that a structuralDespite high sequence similarity and a conserved
three-dimensional structure, each subgroup of the Ras connection is established between the catalytic site of
the exchange factor and the phospholipid binding sitefamily GTPases has its own distinct set of highly specific
exchange factors. Somewhat surprisingly, recent deter- of the PH domain.
minations of the structures of some of these guanine
nucleotide exchange factors have revealed that they are Results and Discussion
structurally unrelated. For example, the Ras exchange
factor region of human Sos1 (Boriack-Sjodin et al., Structure Determination
A fragment of human Sos1 that includes the entire DH1998), the Arf exchange factor Sec7-related domain from
ARNO (Mossessova et al., 1998; Cherfils et al., 1998), and PH domains (residues 180±551) was expressed in
Escherichia coli and purified to homogeneity. A stablethe Ran exchange factor, RCC1 (Renault et al., 1998),
and the Rab exchange factor, Mss4 (Yu and Schreiber, and slightly smaller subfragment (residues 189±551) was
identified by proteolysis with elastase. The elastase-1995) display no structural similarities. Currently, EF-
Tu/EF-Ts (Kawashima et al., 1996; Wang et al., 1997) resistant fragment was subcloned, expressed in E. coli,
and purified for use in crystallization experiments. Crys-and Ras/Sos (Boriack-Sjodin et al., 1998) are the only
examples of guanine nucleotide exchange factors whose tals form in the monoclinic space group C2, with one
molecule in the asymmetric unit, and diffract X-rays tostructures have been determined in complex with their
cognate GTPases. Of these, Ras/Sos is the only struc- better than 2.3 AÊ resolution using synchrotron radiation.
The structure was determined using multiwavelengthture of a Ras superfamily GTPase in complex with its
exchange factor. In contrast to the Ras exchange factor anomalous dispersion (MAD) from crystals of seleno-
methionyl-subsituted protein (Table 1). The solvent-flat-domain, for which a considerable body of mechanistic
information is now available (see for example, Lenzen tened experimental MAD map calculated at 2.3 AÊ resolu-
tion was of exceptional quality and allowed a nearlyet al., 1998), a detailed enzymological and structural
characterization of a Dbl homology domain has yet to complete model of the DH and PH domains to be built.
The final refined DH-PH model has a free R value ofbe performed.
Here, we present the structure of the tandem DH and 26.8% and a conventional crystallographic R value of
22.6% using all data from 30±2.3 AÊ (26.6% and 22.5%,PH domains of human Sos1 (which we shall refer to as
Sos). The architecture of the DH domain is unrelated respectively, for reflections with |F| . 2s|F|) and consists
of residues 198±550 of Sos and 69 water molecules.to that of other nucleotide exchange factors. The PH
domain is attached to one end of the elongated, all- The N-terminal residues 189±197, as well as residues
405±417, which are part of the connector between thehelical, DH domain, resulting in an overall L-shaped DH-
PH unit. Sequence similarity within DH and PH domains DH and PH domains, are disordered and are not in-
cluded in the final model.suggests that the folds of both domains are generally
conserved in all DH-PH domain±containing proteins.
The interface between the DH and PH modules is, how- Structural Overview
The DH-PH domains of Sos form an L-shaped structureever, highly variable in sequence, indicating that the
relative disposition of these domains may be altered in in which two distinct structural modules, with distinct
hydrophobic cores, are clearly delineated (Figure 3). Theother proteins. Analysis of sequence similarities reveals
in these areas. Secondary structure elements corresponding to the Sos structure are depicted as bars for a helices, arrows for b sheets, and
lines for coil regions. The disordered linker between the two domains is shown as a dotted line. Secondary structure elements corresponding
to the Dbl homology domain (residues 198±404) are colored blue, and those corresponding to the pleckstrin homology domain (residues
442±550) are colored yellow. The linker segment (residues 405±441), which includes the disordered interdomain linker (residues 405±417) as
well as the N-terminal extension of the PH domain (residues 418±442), is colored red. The conserved regions (CR) of the DH domain are
marked with colored lines and text (magenta, CR1; peach, CR2; olive green, CR3).
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Table 1. Data Collection and Refinement Statistics
MAD Phasing
No. of Reflections
Energies (eV) (Total/Unique) Completeness (%) Overall I/s(I) (%) Rsym
l1 12580 238,642/23,805 98.9 (96.9) 21.1 3.6 (18.7)
l2 12660 239,135/23,828 98.9 (96.9) 20.3 3.8 (20.6)
l3 12662 238,877/23,798 98.9 (96.9) 19.5 4.1 (22.4)
l4 12800 241,156/24,007 98.7 (96.7) 19.9 3.8 (22.0)
Mean overall figure of merit (30.0±2.3 AÊ ) (centric/acentric) 5 0.58/0.66.
Refinement and Stereochemical Statistics (All Data 30.0±2.3 AÊ )
R value 22.6%
Free R value 26.8%
Average B factors (AÊ 2)
Protein 41.4 (34.2 DH domain, 53.4 PH domain)
Solvent 38.1
Rms deviations
Bonds (AÊ ) 0.0066
Angles (8) 1.257
Rsym 5 100 3 S|I 2 ,I.|/ SI, where I is the integrated intensity of a given reflection. For Rsym and completeness, numbers in parentheses refer
to data in the highest resolution shell.
Figure of merit 5 , | SP(a)eia/ SP(a) | ., where a is the phase and P(a) is the phase probability distribution.
R value 5 S| Fp 2 Fp(calc) | / SFp, where Fp is the structure factor amplitude. The free R value is the R value for a 10% subset of the data that
was not included in the crystallographic refinement.
first module, or structural domain, spans residues 198± of these segments are denoted a and b, respectively.
DH domains contain three highly conserved blocks of404 and is the architectural unit we shall refer to as the
DH domain. The second structural domain, consisting sequence that have been referred to previously as con-
served regions 1±3, or CR1-3 (Figure 1 and (Boguski andof residues 418±550, includes the boundaries of the con-
ventional PH domain (residues 443±550), as well as 24 McCormick, 1993; Whitehead et al., 1997)). These three
conserved regions form three long helices, H1a, H2b,residues (418±442) that have been considered part of
the DH domain on the basis of sequence comparisons. and H8, which pack together to form the core of the DH
domain (Figure 3). The H1a helix (CR1) leads into a sharpThe NMR structures of the isolated PH domains from
human and mouse Sos1 showed that residues 422±442 helical hairpin that is formed by helices H1b and H2a.
This hairpin is followed by another long helix, H2b (CR2),of the conventional DH domain form a structure that is
integrated into the PH domain (Koshiba et al., 1997; which packs against the H1a helix. The H3 and H4 heli-
ces interact with one face of the H2b helix and lead intoZheng et al., 1997). Our results now demonstrate that
this segment is not part of the structural unit corre- a U-shaped arrangement of the H5, H6, and H7a helices.
sponding to the DH domain. Residues 405±417, which This block of helices stacks against one face of the
connect the C terminus of the DH structural domain to helical hairpin formed by H1b and H2a and serves as a
the N-terminal extension of the PH domain, are disor- structural scaffold upon which the PH domain is situ-
dered. Electron density for this region is completely ated. The short H7b helix leads into the longer H8 helix
absent, and SDS-PAGE analysis of the crystals demon- (CR3) and is followed by the H9, H10, and H11 helices,
strates that the polypeptide chain of the DH-PH con- which terminate the DH domain on the convex surface
struct is intact (data not shown). The flexible interdomain formed by the H1a, H8, and H9 helices (Figure 3).
linker and the N-terminal extension of the PH domain Searches of the structural database using DALI (Holm
shall be referred to collectively as the linker segment and Sander, 1993) failed to reveal any structure with a
(colored red in Figures 1, 2, 3, and 5). Even though the fold similar to that of the DH domain, and there is no
interdomain linker is disordered, an examination of the obvious relationship between the fold of the DH domain
crystal packing interactions reveals that the structure and that of other nucleotide exchange factors of known
presented here is the only combination of DH and PH structure. The fact that the three highly conserved re-
domains in the crystal lattice that can be joined by the gions of the DH domain (CR1, CR2, and CR3) pack to-
13-residue interdomain linker. The two domains form gether to form the central core of the structure argues
the most extensive interface observed between any DH strongly that other DH domains will have a very similar
and PH domains in the crystal lattice, further suggesting overall construction. Interestingly, the Sos DH domain
that this is the relevant DH-PH structure for Sos. deviates in sequence from other DH domains at several
positions. For example, Ile-212 in CR1 of Sos is a glu-
tamic acid in every other protein (Figure 1). Other differ-The Dbl Homology Domain
ences are also found in the CR2 and CR3 regions ofThe DH domain of Sos contains 11 helical segments,
Sos. The functional consequences of these variationsdenoted H1-H11, which fold into an oblong helical bun-
in CR1, CR2, and CR3 are not known, and modelingdle (Figures 1 and 3). Three of the helical segments are
interrupted by kinks, and the two distinct helices in each studies (data not shown) indicate that these differences
Crystal Structure of the Sos DH-PH Domains
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Residues on this conserved surface are contributed pri-
marily from helices H1a and H8, which comprise CR1
and CR3, respectively (Figures 3 and 4). Nearly all of
the amino acid substitutions known to affect DH function
map to this conserved region of the molecular surface.
For instance, the replacement of residues 640LLLKELL646
of Dbl (residues 355±361 of Sos in CR3), by the sequence
IIIRDII, causes Dbl to lose its transforming ability (Ron
et al., 1991) and also abolishes exchange factor activity
(Hart et al., 1994). Likewise, substitution of the corre-
sponding region of the RasGRF DH domain, 390ITLHELL396,
with IIIRDII, abrogates RasGRF responsiveness to cal-
cium (Freshney et al., 1997). An overlapping cluster of
mutations in the mouse Sos1 DH domain, 351LHYFELL357,
mutated to IIIRDII, significantly reduces the transforming
capability of Sos (Qian et al., 1998). Similarly, the single
substitution of Leu-321 to glutamic acid (residue 356
in Sos) abolishes mouse Net1 exchange factor activity
(Alberts and Treisman, 1998). The mutation of Ser1216 to
Phe (residue 211 in Sos) abolishes in vitro exchange
factor activity of Unc73 toward Rac and results in a
characteristic uncoordinated phenotype in C. elegans
(Steven et al., 1998). This mutation lies on helix H1a
(CR1), adjacent to the previous mutations described on
helix H8 (CR3), and is part of the contiguous patch of
Figure 3. Ribbon Diagram of the Structure of the DH and PH Do- conserved surface residues (Figures 3 and 4).
mains from Sos
Taken together, the sequence conservation analysis
All ribbon diagrams were generated using the program RIBBONS and mutation data strongly support the conclusion that
(Carson, 1991). Coloring is as depicted in Figure 1; the DH domain
the conserved region of the molecular surface is criticalis blue, the PH domain is yellow, and the linker segment is red. The
for DH domain functionality. In particular, the resultsconserved regions of the DH domain are labeled and colored as in
Figure 1. Magenta, CR1; peach, CR2; olive green, CR3. Red ovals with Dbl, Net1, and Unc73 demonstrate clearly that this
mark the amino- and carboxyl-terminal residues of the DH-PH do- surface is involved in GTPase binding and nucleotide
mains (residues 198 and 550, respectively). exchange factor activity. It should, however, be noted
that the mutations in mouse Sos1 and RasGRF de-
between the Sos sequence and the general DH consen- scribed above have not been linked directly to DH-cata-
sus sequence should not result in significant structural lyzed nucleotide exchange factor activity and may re-
differences in the structure of the core DH domain. flect the ability of the DH domain to participate in other
Interactions between the DH and PH domains occur inter- and intramolecular regulatory interactions, as has
primarily between helix aC of the PH domain (residues been previously suggested (Freshney et al., 1997; Cor-
531±545) and helix H7a (residues 331±337) of the DH balan-Garcia et al., 1998; Qian et al., 1998).
domain (Figure 3). The interface consists of both tight There is no overall correlation between the structure
hydrophobic packing and specific hydrogen bonding of the Ras exchange factor region of Sos (Boriack-Sjodin
interactions and buries a total surface area of around et al., 1998) and that of the DH-PH domains described
1,100 AÊ 2. Surprisingly, the regions of the DH and PH here. There is, however, a possible similarity between
domains that form the interface are among the most certain features at the active sites of the two exchange
poorly conserved regions of the molecule (Figure 1). The factor regions. There are two key elements to the inter-
most variable regions of the DH domain cluster at one action between Ras and the Ras exchange factor region
end of the molecule, in the small helical bundle formed of Sos. First, an a helix from Sos (helix aH) is inserted
by helices H1b, H2b, H5, H6, and H7a (Figure 3). These into the catalytic site of Ras, resulting in the expulsion
helices position helix H7a appropriately for interaction of the so-called Switch 1 region of Ras from the vicinity
with the PH domain. Particularly striking is the extreme of the nucleotide and the occlusion of the binding sites
variability in the sequences of DH domains in the region for the phosphates of the nucleotide and the associated
corresponding to helix H7a of Sos (Figure 1). Likewise, magnesium ion by acidic and hydrophobic side chains.
most of the residues in helix aC of the PH domain that Second, the N-terminal region of helix aH in Sos is so
contact the DH domain (residues 535, 536, 538, 539, 542, arranged that an exposed hydrophobic pocket is formed
543, 546, 549, and 550) are extremely variable among at the point where it intersects two other helices (aB
Dbl family members (Figure 1). The sequence diversity and aD). This hydrophobic pocket is the central anchor
observed in this clustered region of the structure is sug- point for Ras, since it forms a binding site for hydropho-
gestive of structural variation in the DH family that may bic residues from the Switch 2 region of Ras. Of these,
affect the manner in which the DH and PH domains Tyr-64 and Met-67 of Ras appear to be particularly im-
associate. portant.
The surface of the DH domain contains only one con- Many of the mutations that diminish the nucleotide
exchange activity of DH domains are located on helixtiguous patch of highly conserved residues (Figure 4).
Cell
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Figure 4. Identification of the Putative Active Site Region of the DH Domain
Sequence conservation depicted in Figure 1 mapped onto the protein backbone worm (A) and surface (B). Sequence identity from 0%±100%
is presented as a color gradient from white to yellow to red. A magnified view of the highly conserved region of the molecular surface is
shown (C) with residue numbers corresponding to Sos numbering (see Figure 1). Labels for residues that form the hydrophobic pocket
discussed in the text are colored green. Figure prepared using GRASP (Nicholls et al., 1991).
H8 (CR3), which is the most highly conserved region of 1997), residues 418±442 form an N-terminal extension
of the PH domain that folds into a structure consistingthe DH domains (Figures 1, 3, and 4). The exposed sur-
face of helix H8, like that of helix aH of the Ras exchange of an a helix (aN), a short b strand (bN), and a turn of
3/10 helix (Figure 5A). These elements pack against onefactor region of Sos, includes a mixture of hydrophobic
and charged residues. As in the Ras exchange factor face of the b sheet formed by strands b1±b4 and interact
with one edge of the b3-b4 loop. Despite poor sequencedomain, the base of helix H8 of the DH domain is ar-
ranged so that an exposed hydrophobic pocket is formed conservation in the N-terminal extension of the PH do-
main (Figure 1), it has been postulated that other DH-in the region where H8 intersects H10 and H11. Residues
Tyr-348, Leu-351, Phe-354, Cys-391, and Leu-400 of the associated PH domains may have similar structures,
since the portions of these sequences correspondingDH domain line the hydrophobic pocket (Figure 4). By
analogy to the Ras/Sos structure, it is possible that this to aN are all predicted to have high helix-forming proba-
bilities (Zheng et al., 1997).pocket serves as an anchor point for the Switch 2 region
of the incoming GTPase, with helix H8 (CR3) playing a The PH domains of Sos and Vav have been reported
to bind phospholipids in vitro with varying affinities andkey role in disrupting the nucleotide binding site.
specificities (Chen et al., 1997; Koshiba et al., 1997;
Kubiseski et al., 1997; Rameh et al., 1997; Zheng etThe Pleckstrin Homology Domain
The structure of the Sos PH domain, presented here in al., 1997; Han et al., 1998). Phospholipids appear to
modulate the activity of the Sos and Vav DH domains,the context of the DH domain, is very similar to the NMR
structures of the isolated human and mouse Sos PH indicating that phospholipid binding is a functionally
important property of these PH domains (Han et al.,domains determined in solution (Koshiba et al., 1997;
Zheng et al., 1997). For example, the crystal structure 1998; Ma et al., 1998; Nimnual et al., 1998). The structure
of the liganded form of the PH domain of Sos is notand the NMR structures of the human Sos PH domain
superimpose with an overall root-mean-square differ- known; however, chemical shift perturbation has shown
that the binding site for inositol (1,4,5)-triphosphate isence (rmsd) in a carbon positions of 3.5 AÊ , and only 1.6
AÊ if loop regions are omitted. As observed in the NMR located in the pocket between the b1-b2 and b3-b4
loops (Koshiba et al., 1997; Zheng et al., 1997). Thestructure of the human Sos PH domain (Zheng et al.,
Crystal Structure of the Sos DH-PH Domains
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Figure 5. The Sos PH Domain and Possible Mechanism for DH Regulation by Phospholipid Binding
(A) Ribbon diagram of the crystal structure of the PH domain of Sos, viewed in an orientation rotated by 1808 about the vertical with respect
to Figure 3. The core PH domain of Sos (residues 442±550) is colored yellow, while the unique N-terminal extension of the PH domain (residues
418±442) is colored red. The crystal structure of the Sos PH domain was superimposed with the crystal structure of the PH domain from
phospholipase C-d (gray ribbon) in complex with inositol (1,4,5) triphosphate (magenta ball-and-stick representation) (Ferguson et al., 1995)
using the program O (Jones et al., 1991). Secondary structure elements are labeled, and positions of the b1-b2 and b3-b4 loops that are
involved in ligand binding are marked with text and arrows. The three positively charged side chains that contact the sugar phosphates from
PLC-d are colored gray, and the corresponding side chains from Sos are colored yellow. Residues are labeled relative to Sos numbering with
the PLC-d numbers in parentheses.
(B) The structural connection between the phospholipid binding site and the GTPase binding site. Structural elements are labeled and colored
as in previous figures. The area occupied by the bound GTPase, as inferred from the location of the binding site, is colored as a translucent
cyan circle. Side chains from Sos that are implicated in inositol phosphate binding are colored cyan and labeled as in (A).
location of this binding site is very similar to that ob- the formation of a b sheet that includes strands bN (of
the linker segment) and strands b3-b4 of the PH domain.served in the structure of the liganded form of the PH
domain from phospholipase C-d (PLC-d) (Ferguson et Comparison of the structure of the unliganded form of
the Sos PH domain seen here with that of the ligandedal., 1995), suggesting that the overall features of binding
will be similar between the two proteins. The Sos and form of the PH domain of PLC-d suggests that ligation
of the PH domain will result in structural changes in thePLC-d PH domains share only 11% sequence identity,
but superposition of the PLC-d and Sos PH domains, b3-b4 loop and the linker segment of the Sos PH domain.
Supporting this hypothesis, backbone chemical shiftsexcluding the variable loop regions, yields an rmsd in a
carbon positions of 1.7 AÊ (Figure 5A). Strikingly, three are observed upon ligand binding for two residues in
the base of the b3-b4 loop, Arg-489 and Lys-472 (Zhengbasic residues that make direct contacts to the sugar
phosphates in the PLC-d complex (Lys-30, Arg-38, and et al., 1997). The unliganded structure presented here
shows that the side chains of these residues are locatedArg-40) are conserved both in sequence location and in
three-dimensional structure in the Sos PH domain (Arg- approximately 10 AÊ from the inositol phosphate binding
site, implying a significant change in conformation of452, Lys-456, and Arg-459; see Figure 5A). Two of these
residues, Lys-456 and Arg-459, exhibit significant back- the b3-b4 loop upon ligand binding. As postulated pre-
viously, a structural change in the b3-b4 loop wouldbone chemical shifts upon ligand binding (Zheng et al.,
1997). Mutation of these same two residues decreases alter the conformation of the N-terminal extension of the
PH domain (Zheng et al., 1997). Our structure suggeststhe affinity for phosphatidylinositol (4,5)-bisphosphate
(Chen et al., 1997; Kubiseski et al., 1997), providing fur- that these ligand-induced structural changes in the PH
domain are likely to affect the interaction of the DHther evidence that the mode of ligand binding will be
similar between the Sos and PLC-d PH domains. domain with GTPases, as a consequence of their loca-
tion adjacent to the proposed GTPase binding site (Fig-The PH domain in the DH-PH unit is oriented so that
one wall of the probable GTPase binding site is formed ure 5B).
by the surface of the PH domain that is distal to the
phospholipid binding site (Figure 5B). The N-terminal Conclusions
The structure of the DH-PH domains from Sos revealslinker segment of the PH domain is part of this distal
surface, and it is connected to the b3-b4 loop through the architecture of the Dbl-homology guanine nucleotide
Cell
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tryptophan. L-selenomethionine (Calbiochem) was added to a finalexchange factor for Rho-family GTPases. The degree
concentration of 25 mg/l, followed by 1 mM MgSO4, 0.0005% (w/v)and pattern of sequence conservation suggests that the
thiamine, 0.2% glucose, and 20 mM CaCl2. Cells were induced withcore structure of the DH domain is likely to be preserved
IPTG as described above and grown for 6.5 hr prior to harvesting.
among all Dbl-family members. A highly conserved re- Selenium incorporation was verified using high-resolution electro-
gion of the molecular surface harbors many residues spray ionization mass spectrometry (data not shown). Purification
and crystallization proceeded as described for the native protein.that when mutated abolish DH domain function, sug-
gesting that this region is responsible for GTPase bind-
Data Collection and Structure Solutioning and nucleotide exchange factor activity. The struc-
Crystals of the Sos DH-PH domains were harvested into a stabiliza-ture also reveals how the DH domain of Sos interacts
tion buffer of 5% PEG 6000 and 100 mM Bis-Tris. The crystals werewith its tandem PH domain and that the regions of the
transferred to stabilization buffer plus 17% glycerol for approxi-
molecule involved in this interaction are among the most mately 3 min and then into stabilization buffer plus 34% glycerol.
poorly conserved regions of the Dbl family. This sug- Crystals were immediately frozen in liquid nitrogen cooled liquid
propane for later use in data collection. All data were integratedgests, somewhat surprisingly, that the manner in which
and reduced with the DENZO/SCALEPACK programs (Otwinowskithe DH and PH domains associate may not be conserved
and Minor, 1997), while subsequent manipulations were performedin other members of the family. The relative disposition
using the CCP4 suite of programs (CCP4, 1994). Crystals form inof the PH domain and the DH domain active site in Sos
space group C2 with unit cell dimensions of a 5 104.4 AÊ , b 5 70.4
suggests that ligand binding to the PH domain could AÊ , c 5 73.8 AÊ , b 5 96.38 and contain one DH-PH molecule in the
regulate the interaction of the DH domain with its target asymmetric unit with a solvent content of approximately 60%. A
mercury derivative was prepared by soaking the crystals in stabiliza-GTPase. Future studies will hopefully shed light on the
tion buffer with 0.1 mM thimerasol for 2 hr. A low-resolution datarole of the PH domain of Sos, and other Dbl family
set was collected on this derivative, and phases calculated usingmembers, in regulating Rho GTPase exchange factor
MLPHARE (CCP4) were used in cross-difference Fourier maps toactivity. The structure presented here lays the ground-
locate seven of the nine possible selenium atoms in the selenomethi-
work for the elucidation of the mechanism of DH-cata- onyl-substituted protein. The handedness of the heavy atom sites
lyzed nucleotide exchange and the regulatory mecha- was determined at this time by inspecting 4 AÊ resolution MIR maps
calculated with the thimerasol and selenium sites in both possiblenisms governing this important class of proteins.
hands. Clear electron density for several long helices in the DH
domain defined the hand of the heavy atom sites unambiguously.Experimental Procedures
Multiwavelength anomalous dispersion (MAD) data were collected
from the selenomethionyl-derivatized crystals at four wavelengthsPreparation and Crystallization of the Sos DH-PH Construct
around the K absorption edge of selenium at beamline X4A of theA fragment of Sos corresponding to residues 180±551, plus an
National Synchrotron Light Source (Brookhaven, NY) (Table 1). DataN-terminal six-histidine affinity tag, was produced in Escherichia
were measured over a full 3608 rotation of the crystal, in 108 wedgescoli using a tac expression system and purified using standard Ni-
of reciprocal space using inverse beam geometry, interleaving theaffinity procedures. A stable subfragment of residues 189±551 was
four wavelengths. The scaled and reduced intensity data were thenidentified on the basis of resistance to elastase digestion, coupled
converted to amplitudes using TRUNCATE (CCP4), and cross wave-with mass spectroscopy and N-terminal peptide sequencing (data
length scaling was performed using SCALEIT (CCP4), treating l2not shown). DNA corresponding to this fragment was subcloned
(Table 1) as the native. The anomalous data were treated as a specialinto a pPROEX-HT expression vector (Life Technologies). Prepara-
case of multiple isomorphous replacement as previously describedtive scale growth of this protein fragment was done in 8 l of BL21
(Ramakrishnan and Biou, 1997). Phase calculation and heavy atomcells grown to an A600 of 0.7 at 378C in standard Luria Broth with
refinement using MLPHARE resulted in a final overall figure of merit200 mg/ml ampicillin. The temperature was reduced to 308C, and
from 30 to 2.3 AÊ of 0.65. Automated solvent flattening using DMIPTG was added to a concentration of 0.5 mM to induce protein
(CCP4) resulted in an electron density map of exceptional qualityexpression. Cells were grown for an additional 4±5 hr, harvested by
(data not shown), into which a nearly complete model was built usingcentrifugation, resuspended in lysis buffer (10 mM Tris [pH 8.0], 200
O (Jones et al., 1991). Refinement of the model by CNS (BruÈ nger etmM NaCl) and frozen at 2808C. Cells were thawed, and 1 mM PMSF
al., 1998) utilized the l1 selenomethionine data set (Table 1), withand 5 mM 2-mercaptoethanol were added prior to lysis using an
the maximum likelihood target function (Pannu and Read, 1996).Emulsiflex French press (Avestin) in three passes at a pressure of
Corrections for the bulk solvent and for anisotropy in the data were10,000 lb/in2, followed by centrifugation at 14,000 rpm in an SS-34
applied after the first two rounds of refinement. sa weightingrotor to pellet cell debris. The clarified lysate was passed through
schemes (Read, 1986), as implemented in CNS, were used through-a 0.45 micron filter and the histidine-tagged fragment of Sos was
out for map calculations. Waters were conservatively added toisolated using a Ni-NTA (Qiagen) column. After cleavage with TEV
peaks of Fo-Fc density greater than 3s and that were making at leastprotease, the protein was flowed through the Ni-NTA column to
one hydrogen bond to the protein or another already placed waterremove uncleaved fusion protein, followed by purification over a
molecule. All water molecules in the final model have B factorsHiQ column (BioRad). Pooled HiQ fractions were concentrated to
less than 60 AÊ 2. The final refined model, at 2.3 AÊ resolution, has aapproximately 1 ml and loaded onto a Superdex S75 column (Phar-
crystallographic R value of 22.6%, a free R value of 26.8% (22.5%macia) equilibrated in 20 mM Tris (pH 8.0), 1 mM EDTA, 200 mM
and 26.6%, respectively, for reflections with |F| . 2s|F|), and con-NaCl, and 1 mM DTT. Peak fractions were concentrated to approxi-
sists of residues 198±550 of the Sos DH-PH domains and 69 watermately 10 mg/ml and flash frozen in liquid nitrogen for long-term
molecules. Electron density for the residues comprising the linkerstorage at 2808C. The average yield was around 10 mg of purified
between the DH and PH domains (residues 405±417) is lacking, andDH-PH protein per liter of culture. Crystals were grown using sitting
these residues were not included in the final model. The model hasdrop vapor diffusion by mixing equal volumes of a 5 mg/ml protein
excellent stereochemistry, and analysis with PROCHECK (Laskow-solution and 1%±3% PEG 6000 (Fluka) and 100 mM Bis-Tris (pH
ski et al., 1993) yields scores better than average in all categories6.5) and then equilibrating over a 750 ml reservoir of the same buffer
when compared to structures determined at similar resolution. Theat 208C. Crystals grow to an average size of 0.3 mm 3 0.3 mm 3
Ramachandran plot has 94% of the residues lying in the most-0.05 mm in about 1 week. Selenomethionine-substituted protein
favored regions and no residues in disallowed regions.was prepared by expressing protein in the methionine auxotrophic
strain JB(DE3). Cells were grown overnight in LB media and then
amplified in M9 minimal media supplemented with 0.4 g/l threonine Structure Analysis
The following 20 sequences were aligned (Figure 1) usingand serine, and 0.03 g/l of phenylalanine, leucine, isoleucine, valine,
lysine, arginine, histidine, aspartic acid, glutamic acid, tyrosine, and CLUSTALW-1.6 (Higgins et al., 1991): human Sos1 (h_sos1), human
Crystal Structure of the Sos DH-PH Domains
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Dbl (h_dbl), C. elegans unc-73 (unc-73), human Abr (h_abr), human Bar-Sagi, D. (1998). Regulation of Sos activity by intramolecular
interactions. Mol. Cell. Biol. 18, 880±886.Bcr (h_bcr), human Fgd1 (h_fgd1), human Lbc (h_lbc), human Net1
(h_net1), human Tiam-1 (h_tiam1), human Trio1 (h_trio1), human Coso, O., Chiariello, M., Yu, J.-C., Teramoto, H., Crespo, P., Xu, N.,
Trio2 (h_trio2), mouse Dbs (m_Dbs), mouse Ect2 (m_ect2), mouse Miki, T., and Gutkind, J.S. (1995). The small GTP-binding proteins
Lfc (m_lfc), mouse Lsc (m_lsc), mouse RasGRF (m_rasgrf), mouse Rac1 and Cdc42 regulate the activity of the JNK/SAPK signaling
Vav (m_vav), rat Ost (r_ost), S. cerevisiae cdc24 (sc_cdc24), S. pathway. Cell 81, 1137±1146.
pombe Scd1 (sp_scd1). For proteins where sequences from more Eva, A., and Aaronson, S.A. (1985). Isolation of a new human onco-
than one species are present in the database, only one sequence gene from a diffuse B-cell lymphoma. Nature 316, 273±275.
was included in the alignment so as not to overly bias subsequent
Ferguson, K.M., Lemmon, M.A., Schlessinger, J., and Sigler, P.B.calculations. The percent identity of the most commonly occurring
(1995). Structure of the high affinity complex of inositol trisphos-residue at every position in the CLUSTALW alignment was calcu-
phate with a phospholipase C pleckstrin homology domain. Cell 83,lated, and this percentage was used to color code residues and
1037±1046.surfaces using the program GRASP (Nicholls et al., 1991).
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